Graphite foams were prepared from a coal tar pitch that was partially converted into mesophase. Expandable graphite was used instead of an inert gas to "foam" the pitch. 
confirmed that the graphitization at 2600°C resulted in a highly graphitic material. The porosity of this foam derives from the loose packing of the vermicular exfoliated graphite particles together with their internal porosity. During the foaming process the pitch tends to coat the outside surface of the expanding graphite flakes. It also bonds them together. The graphite foam prepared with 5 wt.% expandable graphite had a bulk density of 0.249 g cm - 
Introduction
Carbon foams are classified as either amorphous and thermally insulating, or graphitic and thermally conductive. The first variety is generally prepared by carbonizing foamed thermoset polymers [1, 2] . The final product is typically a reticulated glassy carbon foam with a pentagonal dodecahedron structure [3] with thermal conductivities lower than 1 W m -1 K -1 [4] [5] [6] .
Conductive foams are important in thermal management applications and as thermal energy storage materials [2, 7] . Klett and coworkers [6] [7] [8] [9] [10] pioneered the fabrication of thermally conductive graphite foams from mesophase pitch. These foams have an open cell structure and feature high thermal conductivities (up to 182 W m -1 K -1 at a bulk density of 0.61 g cm -3 [8] ), low density, relatively large surface area and a low coefficient of thermal expansion [2] . The specific thermal conductivity is the thermal conductivity divided by the bulk density of the foam. Klett et al. [6] consider this to be an important measure for conductive graphite foams in applications where weight savings are vital. The value for copper is ca. 0.045 W m 2 kg -1 K -1 [6] . Graphite foams can have specific thermal conductivity values that are six times higher than that for copper.
Carbon foams can also be produced using other low-cost precursors, such as coal, coal tar pitch and petroleum pitch [11] . However, high thermal conductivity foams are not easily achieved through this approach. Mesophase pitch is the preferred raw material for graphite foam production as it can be graphitized to a thermally conductive state. In the Klett approach, the graphite foams are produced by foaming a mesophase pitch with an inert gas at high pressures [12] or by volatile gas released from the mesophase pitch itself [8] . However, Yadav et al. [2] also produced high thermal conductivity graphite foam using a sacrificial template method. Zhu et al. [13] showed that the compressive strength of mesophase-based foams can be improved significantly by addition of graphite flakes. Adding just 5 wt.% graphite improved the compressive strength from 3.7 MPa to 12.5 MPa. This foam had an apparent density of 0.757 g cm -3 and a thermal conductivity of 110 W m
This communication explored a different way of producing carbon foams. The foams were prepared using expandable graphite (EG) together with a coal tar pitch that was partially converted to the mesophase state. Although pure mesophase pitch is preferred for foam production it is a rare commodity. Hence coal tar pitch was selected owing to its lower cost and general availability. A key property of expandable graphite is its tendency to exfoliate when heated to high temperatures [14, 15] . During exfoliation it expands rapidly in a wormlike manner to form vermicular graphite with a low density [16] [17] [18] . The bulk density can be as low as 0.006 g cm -3 [19] . The exfoliation of the expandable graphite provides the "foaming" action to produce the required porosity. The purpose of the investigation was to determine the viability of this method of carbon foam fabrication and to establish whether the foams can be graphitized to a state of high thermal conductivity. Afanasov et al. [20] previously prepared exfoliated graphite-coal tar pitch composites but they did not prepare foams as in this study.
Experimental

Materials
The coal tar pitch (110MP) obtained from Arcelor-Mittal had a softening point of 63 °C and a coke yield of ca. 44 wt.%. The quinoline insolubles (QI) and toluene insolubles (TI) were 9
wt.% and 34 wt.% respectively. The Aromaticity Index was 0.53 and the C/H atomic ratio was 1.83. The expandable graphite grade ES170 300A (onset temperature 300°C) was obtained from Qingdao Kropfmuehl Graphite (China). According to the manufacturer, it produces > 170 mL/g exfoliated material when heated to well above 300°C. Natural flake graphite sourced from Zimbabwe was supplied by BEP Bestobell (South Africa) and characterized for comparison purposes.
Sample preparation
Preparation of mesophase pitch
The Arcelor-Mittal pitch was heat treated in a vertical tube furnace at a temperature of 437°C
for 6 h in a nitrogen atmosphere to prevent oxidation. A solid sample of pitch was taken from the crucible after the heat treatment. This sample was cast in epoxy resin and cured for 4 h at 60°C. This resin-encased sample was polished for study with the optical microscope under polarized light. The rest of the heat-treated pitch containing mesophase was ground into a fine powder for further experiments and characterization purposes.
Preparation of the graphite foams
The carbon foam samples were prepared in small stainless steel tubes with a diameter of 35 mm and height of 40 mm. The mesophase-containing pitch powder was dry mixed with different amounts of expandable graphite. The mixed powdered samples were then loaded into the stainless steel tubes and covered with aluminum foil and placed in a muffle furnace for 15 min. The mixtures were all foamed at the same furnace temperature of 460°C in an air atmosphere. The foams were allowed to cool down before they were pressed out of the tubes.
Depending on the EG content, the loaded mass was varied so that the foam did not rise above the tube exit. For example, for the foam made with 5 wt.% EG the loaded mass was 9.5 g. 
Thermomechanical analysis
The softening points of the pitch samples and the thermal expansion of the expandable graphite were measured on a TA instruments Q400 Thermo Mechanical Analyzer. Sufficient graphite powder was placed in an alumina sample pan such that the bed height was between 35 mm and 40 mm. The flake expansion behavior was measured with a flat-tipped standard expansion probe using an applied force of 0.02 N. The temperature was scanned from 30 °C to 1000 °C at a scan rate of 10 K min -1 in nitrogen atmosphere. The expansion relative to the original powder bed height is reported.
The softening point of the pitch samples was determined with the penetration probe using an applied force of 0.005 N. The temperature was scanned from 30 °C to 400 °C at a scan rate of 2.5 K min -1 in a nitrogen atmosphere.
Dynamic mechanical analysis (DMA)
DMA data were recorded on a Perkin Elmer DMA 8000 using material pockets [21] . The latter are stainless steel envelopes that hold powdered samples so that they can be mounted in the DMA instrument. Measurements were done in the single cantilever bending mode. The temperature ramp rate was 2 K min -1 and a frequency of 1 Hz was employed for all measurements.
Rheometry
The effects of shear rate and temperature on the viscosity of the heat-treated pitch were determined with an Anton Paar Physica MCR301 rheometer fitted with a CTD600 convection hood for temperature control. Data were obtained in the steady shear mode using a 20 mm parallel plate measuring system. The temperature was varied from 250°C to 280°C and the shear rate between 0.01 and 10 s -1 . Nitrogen gas was used to maintain an inert atmosphere.
Optical microscopy (OM)
The microstructure of the heat-treated pitch and the foams was studied with optical microscopy (OM) under reflecting and polarized light using a Leica DM 2500M microscope.
Samples mounted in an epoxy resin were polished with a Buehler Alpha 2 speed polisher.
The polishing was done under a continuous flow of water for one minute each on a succession of increasingly finer silicon carbide abrasive papers (400, 600, 1200 grit). Finally the sample polishing was completed using first a 1 µm and then a 0.05 µm Buehler MetaDi polishing suspension for 3 and 2 minutes, respectively.
A fracture surface of the graphitized foam, made with 5 wt.% expandable graphite, was also studied using a Zeiss Discovery V20 stereo microscope.
Scanning electron microscopy (SEM)
Scanning electron microscope (SEM) images were obtained using an ultrahigh resolution field emission SEM (HR FEGSEM Zeiss Ultra Plus 55) with an InLens detector at an acceleration voltage of 1 kV to ensure maximum resolution of surface detail.
Raman spectroscopy
The Raman spectra were recorded with a T64000 series II triple spectrometer system from HORIBA Scientific, Jobin Yvon Technology using the 514.3 nm laser line of a coherent Innova â 70 Ar + laser with a resolution of 2 cm -1 in the range 1200 to 1700 cm -1 . The samples were recorded in a backscattering configuration with an Olympus microscope attached to the instrument (using a LD 50x objective). The laser power was set at 6 mW and a nitrogencooled CCD detector was used. The accumulation time was 120 s and the spectra were baseline corrected with using LabSpec software.
X-Ray diffraction (XRD)
XRD diffraction patterns were recorded using a Bruker D8 Advance powder diffractometer fitted with a Lynx eye detector. Measurements were performed in the 2q range 15°-120°w ith a 0.04° step size and a counting time of 0.2 s. The interlayer spacing, d 002 , calculated using the Bragg equation, was used as an indicator for the extent of ordering.
Thermal diffusivity
The thermal diffusivities of the foams were estimated from the dynamic temperature response curves measured using an experimental setup employing heat flux sensors. Details of the method are provided in the Supplementary material. The thermal conductivity values for the graphitized foams were calculated from the measured density and thermal diffusivity values using the following equation
where, k is the thermal conductivity (W m -1 K -1 ); α = Thermal diffusivity (m 2 s -1 ); ρ is the density (kg m -3 ); and C p is the specific heat (J kg
Mechanical compression tests
The compressive strength of cylindrical foam samples was determined in the expansion direction. The samples had a diameter of 33 ± 1 mm and a height of at least 35 mm. The crush tests were performed on a Model 4303 Instron machine fitted with a 1 kN load cell. The compressive load rate was 30 mm min -1 . The overall shapes of the stress strain curves were consistent with those found for other porous carbon foams, i.e. the stress increased rapidly to a crush initiation value after which it flat-lined [22] . The crush point was reached at a stroke distance of about 1 mm (2% strain). The mean crush stress was estimated from the plateau values measured at stroke distance between 2 mm and 6 mm, i.e. 4 -17% strain for three different samples.
Results and Discussion
Expandable and exfoliated graphite characteristics
The particle size, BET surface area, and densities of the expandable graphite sample are presented in Table 1 . The surface area of the expandable graphite samples increased by a factor of about twenty two when it expanded on heat treatment at 600°C. Fig. 1 shows that the exfoliated graphite has a worm-shaped, accordion-like structure. Slit-shaped gaps between the graphite platelets are clearly visible in the hi-resolution micrograph.
The accordion-like vermicular microstructure of the expanded graphite is built up of distorted graphite sheets that mostly retain their original lateral dimensions. The average thickness of these sheets can be estimated from the BET surface area using the equation
Where t is the average sheet thickness in m, r is the density of graphite in kg m -3 ; and A is the BET surface area in m 2 kg -1 . Note that equation (2) A key property of expandable graphite is its ability to exfoliate in a narrow temperature range. Fig. 2 visualizes the TGA mass loss and the TMA expansion occurring during the exfoliation process. The TGA trace indicates a single-step exfoliation event with an onset temperature above 250°C. By 600°C the sample has lost 10% of it mass owing to the CO 2 and SO 2 gas released during the exfoliation. The TMA onset temperature for the exfoliation is about 300°C. However, the TGA curve shows that mass loss commences at a lower temperature. Fig. 3 shows the XRD diffractograms for the expandable graphite in neat and exfoliated form and compares these to the diffractogram for the natural flake graphite. Table 2 The neat expandable graphite sample also features an additional reflection located at a lower angle. This reflection is due to the sulfuric acid intercalated graphite phase. After exfoliation, it disappears and only a pure graphite reflection is evident.
Characterization of the pitches
Following the six hour heat treatment at 437°C, the quinoline insolubles (QI) and toluene insolubles (TI) of the coal tar pitch were 41 wt.% and 68 wt.% respectively. The coke yield increased from 44 wt.% to 73 wt.% and the C/H atomic ratio from 1.83 to 2.20. 
Characterizations of the foam samples
Mixtures of mesophase powder and expandable graphite (EG) were made starting at 1 wt.% EG and increasing in 1 wt.% increments up to 10 wt.% EG. The 1% mixture did not really produce a foamed structure and looked more like a piece of solid mesophase while the 10 11A. The carbonized micrographs displayed do not show any evidence of the isotropic phase that is present in the "green" sample. This indicates that the stabilization process did not fully cross link the pitch and the isotropic phase has subsequently transformed to mesophase during heat treatment. Fig. 11A shows a typical polarized micrograph of the "green" foam after oxidative stabilization. The exfoliated graphite is evident and there is no evidence of any dispersion of the exfoliated graphite layers, the expanded, concertina-like morphology being retained as observed in the SEM micrographs shown above (Fig. 1) . The presence of mesophase domains is clearly evident but they are not fully coalesced, being restricted by the QI particulates as discussed in the sections above, the effect being one resembling grain boundaries in polycrystalline materials. However close inspection reveals that the isotropic phase has been retained, 'locked-in' as it were, by the oxidative stabilization process. This is even more evident in the micrographs of carbonized materials in Fig. 11B . The two phase nature is discernible in this image. Close inspection reveals that around the edges of pores the mesophase spheres have been deformed by the local bi-axial stresses that prevail during bubble expansion. That deformation and preferred orientation within thin ligaments is shown more clearly in Fig. 11C which is from the graphitized product.
These images reveal that the foams are in fact multi-phase comprising the porous expanded graphite regions poorly bonded into the pitch-derived matrix which itself comprises graphitized and non-graphitized phases emanating from the two phase nature of the precursor pitch along with extensive macroporosity resulting from the foaming of the pitch and the exfoliation of the expandable graphite.
Thus the graphite foams are basically an interconnected network of ligaments containing dispersed expanded "worms" within a matrix that is predominately graphitic deriving from the mesophase but with substantial continuous regions of optically isotropic and hence non-graphitized carbon deriving from the isotropic phase in the precursor that was 'locked-in; during the oxidation stage. During the foaming process the EG and mesophase pitch powder are heated up simultaneously. The pitch starts to soften at a temperature well below the temperature where the EG starts to expand as shown by the glass transition temperature measurements and the rheology data. When the EG exfoliates, the "worms" that form are covered by a thin film of pitch. This pitch coating forms the basis of the bulk interconnected structure. If the mesophase pitch is sufficiently fluid the mesophase domains can deform and align to some extent parallel to the surface of the "worms" and especially along the ligaments during the rapid expansion, as shown in Fig. 11C . In this case however the domain size of the mesophase is limited by the QI phase and better results could probably be achieved by using a synthetic pitch which is 100% mesophase. However, the higher softening point and higher viscosity might prevent the formation of an even coating of the EG particles when they exfoliate or even restrict the exfoliation process itself.
The mass and the dimensions of the foams were measured before and after each heat treatment step. There were basically no differences in the mass loss results obtained for samples made with 3 wt.%, 4 wt.% and 5 wt.% expandable graphite. For these the average mass loss from "green" foam to carbonized and from "green" to graphitized foam were 17.3 ± 0.5 wt.% and 20.1 ± 0.8 wt.% respectively. The volume shrinkages from "green" foam to carbonized foam and from "green" foam to graphitized foam, for the sample made with 5
wt.% EG, were 16.9 ± 1.4% and 19.1 ± 1.4% respectively. This compares favorably with the high volume shrinkage of > 50% observed for foams derived from mesophase pitch using the template method [2] . Table 3 shows that even the "green" foam featured a thermal diffusivity that was an order of magnitude higher. This is attributed to the highly graphitic nature of the vermicular exfoliated graphite phase that forms the 3-D network in these novel foams. Carbonization improves this value slightly but it increases by almost an order of magnitude when the foam is graphitized. shows evidence of an optically isotropic phase emanating from the straining pitch and 'locked-in' by the oxidation process and also by the observation that the expanded graphite regions are not well bonded into the matrix. Thus the contribution that was expected from the graphite filler phase has probably not been achieved during this exploratory investigation. . This increased the softening point to 103°C, the Tg to 113°C and the coke yield to 73%.
Conclusions
The exfoliation onset temperature of the expandable graphite used was ca. 300°C, well above the softening temperature of the mesophase pitch matrix. The foams were prepared by exposing mixtures of the finely pulverized pitch and the graphite flakes to a temperature of 460°C for 15 min. The foams were then subjected to heat treatments involving shape stabilization, carbonization and graphitization. Cross-linking occurred via a heat treatment in air at 250°C for 20 h. Carbonization was conducted in a nitrogen atmosphere at a temperature of 1000°C. Finally graphitization was effected in a helium atmosphere at 2600°C for 1 h. Optical and scanning electron microscopy revealed that the porosity of the foams derived from both the loose packing of the wormlike exfoliated graphite particles and their own internal porosity after exfoliation. The results indicate that the pitch phase formed a thin coating on the outer surfaces of these expanded "worms" and that it bonded them into a threedimensional structure. 
